Abstract: Polyhydroxyalkanoates (PHAs) accumulating bacteria were isolated from activated sludge samples collected from municipal wastewater treatment plants in Quebec. Twelve bacterial strains were screened for PHA production with acetate as sole carbon source. PHA granules exhibited a strong orange fluorescence when stained with Nile blue A observed under microscope (X100x). PHA was also analyzed by Gas Chromatography Linked to Mass Spectroscopy (GCMS) to further confirm the presence and the concentration of PHA. To compare the abilities of these PHA accumulating bacterial strains, the synthetic media with acetate as carbon source was prepared to accumulate PHA in 500 mL Erlenmeyer flask containing 150 of the medium. These flasks were then inoculated with the isolated bacterial strains, incubated at 25 o C for 48 hours in a rotary shaker at 220 rpm. The results showed that the bacterial strains isolated from sludge possess different abilities for accumulating PHA. The maximum PHA content of 27.50% was obtained by strain PHA-SB3. The PHB/PHV ratio of the copolymer produced in the study changed in accordance with operating time and strains.
INTRODUCTION
Polyhydroxyalkanoates (PHAs) are regarded as new environmental-friendly biodegradable plastics. Poly--hydroxybutyrate (PHB) and its copolymer poly-hydroxybutyrate-co-hydroxyvalerate (P(HB-co-HV)) are the common types of PHAs, and other forms also exist. A wide variety of micro-organisms accumulate PHA within cells as an intracellular storage material of carbon and energy (Akar et al., 2006; Dionisi et al., 2006; Reis et al., 2003) .
Activated sludge used as a mixed culture for PHA production has been studied by many researchers. When compared with pure culture fermentation processes, the merits of PHA production system by activated sludge are the cost reduction for producing bioplastics, simpler production facility, and wastes recycle. However, PHAs productivity and PHAs content during the use of activated sludge were much lower than those by pure culture Reis et al., 2003) . Until date, the maximum PHB accumulation of 88% w/w by Alcaligenes latus using sucrose as carbon source under nitrogen limitated condition has been reported (Wang and Lee, 1997) . In the previous study (Yan et al., 2006 ) , municipal activated sludge was used as a mixed culture for PHAs production in shake flask employing acetate as the sole carbon source, the PHA content reached 30.6%w/w. In order to have a better understanding of various microbial strains of activated sludge responsible for PHAs accumulation, in this study, the PHA-accumulating bacterial strains were isolated from municipal activated sludge. The capacity of PHA production of each isolate was evaluated and compared using a synthetic medium.
MATERIALS AND METHODS

Activated sludge
For screening of PHA accumulating bacterial strains from wastewater sludge, activated sludge samples were collected from municipal wastewater treatment plants "Communauté Urbaine du Québec" (CUQ), Quebec.
Isolation of Bacterial Strains
Isolation of bacterial strains was carried out by serial dilution of fresh activated sludge samples in 0.85% w/v sterile saline solution followed by plating of the samples on a modified agar E2 medium with Nile blue A containing acetate as sole carbon source. The composition of the medium was as follows (g/l): NaNH4HPO4 · 4H2O, 3.5; K2HPO4, 10.0; MgSO4·7H2O, 0.2; citric acid, 2.0; agar, 15; acetate, 5.0. For routine analysis, 0.002 ml of a solution of 0.25 mg Nile blue A (Sigma) per ml dimethylsulfoxide (DMSO) was added to the sterilized medium to give a final concentration of 0.5 mg dye per ml of the medium. The plates were incubated at 25°C for 48-72 hrs.
Screening of PHA accumulating strains PHA accumulating bacterial strain was validated by exposing on ultraviolet light (312 nm) using UV transilluminator (Biometra) to detect the presence of intracellular PHA granules in the bacteria. A fluorescent bacterial isolate was considered a potential PHA producer (Ostle and Holt, 1982) . Further fluorescent bacterial strains were differentiated on the basis of colony characteristics and pure culture strains were maintained on suitable agar slants and stored at 4°C for further studies. The preliminary identification and characterization of PHA accumulators was carried out using standard procedures of gram staining.
Microscopic analysis (confirmation) of PHA granules
Fluorescent bacterial strains isolated from the Nile blue A incorporated plates were examined under fluorescent microscopy (Carl Zeiss Axiovert microscope with an episcopic fluorescence attachment) to confirm the presence of PHAs granules with in the bacterial cell. Morphological characteristics of the bacterial strains and PHA granules were also observed under the phase-contrast illumination microscope (Carl Zeiss), all digital images were captured. Only those bacterial isolates which found to accumulate PHAs were selected for further studies.
Production of PHA in shake flask
In order to further confirm and to compare the abilities of these PHAs accumulating bacterial strains, selected fluorescent PHA isolates were first grown in M9 medium supplemented with 0.02% (w/v) yeast extract and containing acetate (2 g/L) as carbon source. The composition of M9 medium was as follows : Na2HPO4·7H2O, 12.8 g; K2HPO4 , 3.0 g; NaCl, 0.5g; NH4Cl, 1.0g; 1ml of 1 M MgSO4 stock solution, and 1 ml of 0.1 M CaCl2 stock solution. The initial pH of the media was adjusted to 7 with 6N HCl. In all cases, acetate and rest of the media components were sterilized separately and mixed aseptically before inoculation (Hein et al., 1997) . The inoculum was prepared by inoculating 10 mL of the sterile medium using 20 mL test tubes followed by incubation for 24 hrs in an orbital shaker. Subsequently 4% of inoculum (individual strain and consortium as well) was transferred in to 150 mL of M9 mineral salts medium (in 500mL Erlenmeyer) with acetate and yeast extract and incubated at 25°C for 48 hr at 220 rpm in an orbital shaker. Samples were drawn at predetermined time intervals to measure cell dry weight, PHA accumulation and acetate concentration.
Analytical techniques
Cell concentration was determined by measuring the cell dry weight of culture broth. Four-ml culture broth was sampled in a pre-weighed centrifuge tube and centrifuged at 5000 rpm for 10 minutes. The settled biomass was washed 3 times with distilled water and centrifuged, then lyophilized for at least 48 hours to a constant weight. The final weight of the tube was measured to calculate the cell dry weight (CDW). The extraction of PHAs was made by the methanol and chloroform extraction method described by Comeau et al. (1988) using benzoic acid as an internal standard. The co-polymeric composition was measured with a Gas Chromatography Linked to Mass Spectroscopy (GC-MS) (Perkin Elmer, Clarus 500) equipped with a Capillary column Zebron ZB-5 and a Shimadzu C-R5A Chromatopac flame-ionization detector. Poly-(3-Hydroxybutyrate-co-3-hydroxyvalerate) (3HB-co-3HV) (PHV content 12%w/w, Aldrich Chemical Company, Inc.) was used as a standard. The supernatant of the centrifuged samples was used to determine acetate (Ac -) concentration using ICS-2000, Ion chromatography systems (Dionex Co.) equipped with the column of Ion Pac AS14 anion-exchange. The variation between replicates in all analytical determinations was less than 5%.
RESULTS AND DISCUSSIONS
Screening of bacteria accumulating PHA After incubation, individual colonies were obtained from agar plates. Colonies capable of accumulating PHAs were identified first by examining in a fluorimeter, and the observed fluorescence was considered a potential PHAs producer.
Furthermore, microscopic investigation of the strain stained with Nile blue A was conducted to confirm the presence of PHAs. PHAs granules fluoresced as bright orange, with individual granules often visible within a cell. The accompanying black-and-white photomicrographs showed these fluorescing orange granules as an intense bright image within the cells. The strains were found to accumulate granule inclusions by phasecontrast microscopy. These accumulated cellular granules were further confirmed to be poly(3HB-co-3HV) by GC-MS analysis. Twelve PHA-accumulating bacterial strains were selected from the isolates of the municipal wastewater activated sludge. The twelve strains were designated as PHA-SB1 to PHA-SB12. The purity of these twelve isolates was determined based on uniform colony morphology after streaking them at least twice on agar plates. One example of the twelve isolates were shown in Fig. 1a , b.
The gram staining results (presented in Table 1) revealed that ten out of twelve bacterial strains were identified to be gram-negative bacteria and the remaining two as gram-positive. The results showed that sludge microorganisms were generally gram negative. 
Accumulation of PHA by the isolated strains
In order to evaluate PHAs accumulation capacity of bacterial strains, the isolated strains were grown individually as pure cultures using synthetic medium in shake flasks. Figure 2 showed the profiles of two strains for cell dry weight (CDW), PHA and acetate concentration and PHA content (%w/w) with respect to cultivation time. The overall results of the twelve strains for PHAs accumulation are presented in Table 2 . Though in general, all isolated strains showed a notable capacity to use acetate to accumulate PHA, the PHA amounts produced varied significantly among the twelve strains. The maximum PHA content of 27.50%(w/w) of CDW was obtained by strain PHA-SB3, Moreover, strains of PHA-SB10, PHA-SB9, PHA-SB1 and PHA-SB8 also showed good PHA accumulation potential as they produced maximum PHA content more than 25% of dry cell weight. However, strain PHA-SB5 showed the minimal capacity of 3.25% (w/w) PHAs, the strains of PHA-SB2, PHA-SB11, PHA-SB12 showed a comparable low capacity of PHAs accumulation and the maximum PHA contents were less than 10% (w/w). Regarding the strain PHA-SB3 with the best capacity of PHA accumulation, PHA content gradually increased and reached the maximum value of 27.5% (w/w) at 18 hrs. The cell dry weight (biomass) of this strain also reached maximum (0.3452 g/l) at 18 hrs of growth followed by a gradual decline. The maximum PHA concentration and PHA productivity with the strain PHA-SB5 of poorest capacity were 0.03245 g/l and 0.00002 g/l/h, respectively at 48 hrs. Comparison of the production of PHA using acetate as carbon source of isolate strains.
Acetate utilization
Two examples of the profiles of acetate consumption by bacterial strains were shown in Figure 2 . It was noticed that with maximum PHAs accumulating strain (PHA-SB3), at 18 hrs of growth it consumed almost all the acetate. Further, eight out of twelve strains consumed all the acetate provided (almost 100% acetate consumed), however, the acetate concentration reached almost zero at different cultivation time. Only three strains PHA-SB2, PHA-SB5 and PHA-SB11 poorly used the acetate. At the end of the experiment (48 hrs), Strain PHA-SB2 used only 40% of the added acetate, whereas strains PHA-SB11 and PHA-SB5 used only 16% and 2% of the added acetate, respectively.
Copolymer composition
The copolymer composition, i.e.,%PHB and%PHV, is primarily influenced by the substrate used (Choi and Lee, 1999) . In this study, the same organic substrate was used during the experiments, yet the PHB/PHV ratio of the copolymer changed in accordance with operating time and strains. It was found that the isolated strains produced copolymers, PHB and PHV. At the time of maximum PHAs content, the strains PHA-SB3, PHA-SB5 PHA-SB6 PHA-SB8 and PHA-SB9 accumulated up to 50% PHV and the strains PHA-SB2, PHA-SB4 contained 100% PHB. The PHV/PHB ratios of the copolymers produced by each individual strain varied during 48 hrs of growth. The results showed that it was difficult to control the PHB and PHV content, as even with the same bacterial strain, during the cultivation time of 48 hrs, the percentage of PHB and PHV were changed. Therefore, there was need for further studies on this aspect. The PHB/PHV ratios of the experiments were also summarized in Table 2 .
In the study, the Initial pH for all the experiment was adjusted to 7, and final pH of the medium was about 8.0 or above (Table 1) . It was observed that higher the pH varied from original to final, the PHA production behavior also more distinctive. When acetate was diverted into storage instead of being used for oxidation or growth, it was evident that, pH of the broth would increase, and with the PHA concentration increase, pH increases more. This might explain the reason pH of the strain 3 changed the most from original and the final experiment. The trend of pH change was almost the same as the capacity of the bacterial strain accumulating PHA. It was suspected that the diffusion of undissociated acetic acid into the bacterial cells had suppressed the PHA production (Kasemsap and Wantawin, 2007; Liu et al., 2007) .
Like other isolates described in the aforementioned studies, our isolates were presumed to convert acetate to poly(3HB-co-3HV). However, different from other known PHA producing bacteria, our isolates could rapidly produce PHA under uncontrolled conditions, and could vary the PHA composition at different growth stages. To our knowledge, the observation of the shift of PHA composition from 3HB to 3HV during cell cultivation (batch growth) has hardly been reported, The variation was observed on the study of using activated sludge as mixed culture for PHA production (Liu et al., 2000) , it was not shown in pure culture, however, and warrants further studies.
PHA productivity and PHA yield
The best PHA productivity reported to date was obtained from the study by Wang and Lee (1997) . They obtained PHA productivity of 4.94 gPHB/L/hr from A. latus. PHA productivity obtained in this study was significantly lower than that reported by Wang and Lee (1997) and other studies using pure cultures due to a lower biomass concentration in the system and the uncontrolled cultivation conditions. Concentrations of biomass and substrate used in commercial production are significantly higher than the concentrations of this study. For example, the cell concentration of A. latus was 76 g/L and 5-20 g/L of sucrose was applied in the study by Wang and Lee (1997) , while the concentration of the biomass in this study is lower than 1 g/l. An ideal organism for PHA production would be a culture that can store high PHA content and grow rapidly on an inexpensive substrate. These experiments have shown, however, that it is possible and potentially economical to develop a PHA production system for biodegradable plastics using activated sludge to isolate the PHA-accumulating bacteria for PHA production.
It was known that different bacteria may utilize different carbon substrates (e.g. sugars, fatty acids) for PHA production; some have specific requirements for substrate and limiting nutrients in order to accumulate PHA. In this study, acetate was used as the carbon source in the synthetic medium for PHA-accumulating bacteria cultivation. Glucose was also used in this study (data not shown) for the screening of PHA-accumulating bacteria, the results showed the twelve bacterial strains could produce PHA with glucose as carbon source. The results showed that in this activated samples, the twelve strains accounted for the majority of the PHAaccumulating bacteria. However, the second-step screening process should be expanded to include carbon substrates other than acetate and glucose, and limiting medium other than nitrogen, to induce PHA accumulation in isolates showing lipid inclusions. This way, a wider range of bacteria which produce different types of PHA may be selected.
It is also necessary to mention that PHA accumulation in this study was carried under uncontrolled environmental (pH and dissolved oxygen) conditions of shake flasks. Further, the C/N ratio may not be the optimum condition for the PHA production. However, PHA content reached up to 27.50%, which is quite high under uncontrolled environmental conditions. It is certain that with the control pH, dissolved oxygen (DO) concentration and optimum C/N ratio, the PHAs content will further substantially increase. Thus, the effect of nitrogen limitation on cell growth and PHA synthesis needs further investigations by batch as well as fedbatch culture in a fermentor where pH and DO are well controlled.
In future, identification of microorganisms will be carried out using 16S rDNA gene sequences.
CONCLUSIONS
The following conclusions can be drawn from this work: Twelve PHA accumulating bacterial strains were isolated from municipal wastewater activated sludge. Ten of them were gram-negative, the remaining two were gram-positive. Though in general, all isolated strains showed a notable capacity to use acetate to accumulate PHA, the PHA amounts produced significantly varied among the twelve strains. The maximum PHA content of 27.50% was obtained by strain PHA-SB3 under uncontrolled conditions of pH and dissolved oxygen concentration. Using same carbon source, the PHB/PHV ratios of the copolymers produced substantially varied for the twelve isolated bacterial strains. Also, the PHB/PHV ratio of the copolymer changed in accordance with operating time by individual strain.
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